ABSTRACT Three species of Brevipalpus mites are known potential vectors of the citrus leprosis virus (family Rhabdoviridae, genus Cyto-and Nucleorhabdovirus, CiLV). Species identiÞcation of these mites is difÞcult because of their small size and morphological similarities. The objective of this study was to develop an accurate and rapid molecular Þngerprinting method for identifying B. phoenicis and B. californicus on Texas citrus. Iso-colonies of the two Brevipalpus species were cultured on immature citrus fruit and identiÞed using a dichotomous key. Whole genome ampliÞcation was used to produce DNA template from single mites to identify the two species by ampliÞed fragment length polymorphism and sequence-characterized ampliÞed region (SCAR). Population dynamics of Brevipalpus were monitored in four citrus orchards during the 2007 growing season. Subsamples of mites were identiÞed morphologically or by species-speciÞc SCAR markers. Molecular Þngerprinting was very efÞcient in identifying the two species of mites in subsamples, even in cases where the morphological identiÞcation did not discriminate between species. Brevipalpus spp. density per fruit was signiÞcantly affected by the host plant species, with sweet orange fruit hosting signiÞcantly higher density than grapefruit, Citrus x paradisi Macfad. The percentage of fruit infested with Brevipalpus mites varied signiÞcantly with time but not with host plant and the host plant by sampling date interaction. Comparison of molecular Þngerprinting and morphological identiÞcation provided a high percentage of match Ͼ85% between the two methods, suggesting that molecular Þngerprinting could facilitate studies on population dynamics of Brevipalpus in citrus.
Mites are common pests of citrus (Citrus spp.) production worldwide. Injury is caused as they feed, damaging the cells with their mouthparts and ingesting the sap. In addition, many mite species can transmit several pathogens, causal agents of economically important citrus diseases. In many citrus production areas, mites are considered the most important pest species (Pritchard and Baker 1958 , French and Rakha 1994 , Childers et al. 2003c . Economically important mite pests of citrus are found in four families: Eriophyidae, Tetranychidae, Tenuipalpidae, and Tarsonemidae (Jeppson 1989 ). Due to their relatively short life cycles and high fecundity, mite populations can rapidly increase within a short period.
The family Tenuipalpidae contains the genus Brevipalpus, which includes serious citrus pests affecting most of the citrus production areas in the world. Brevipalpus mites have several common names such as false spider mites and ßat mites, which is derived from their dorso-ventrally ßattened bodies (Jeppson 1989) . However, these common names are species-speciÞc, e.g., citrus ßat mite for Brevipalpus lewisi McGregor, privet mite for Brevipalpus obovatus Donnadieu, and red and black ßat mite for Brevipalpus phoenicis (Geijskes) . Brevipalpus mites are very small, ranging from 200 to 410 m in length , and they vary in pigmentation from yellow, red, green, to reddish green or reddish black. They are slow moving and blend in well with background color, adding difÞculty to identiÞcation ). Similarities in appearance among the Brevipalpus species have consistently resulted in confusion and misidentiÞcation (Fernald and Shepard 1955) .
Brevipalpus mite feeding on citrus results in discoloration of damaged areas on leaves and fruits, and heavy infestations can stress citrus trees leading to leaf drop. Feeding damage can result in necrotic spotting on leaves and fruit, thus dramatically reducing the quality of the fruit for the fresh market. These mites have been associated with several diseases and blemishes of citrus, including Phoenicis blotch, Brevipalpus gall, halo scab, nailhead rust, zonate chlorosis, and false leprosis . They are also vectors for citrus leprosis virus (family Rhabdoviridae, genus Cyto-and Nucleorhabdovirus, CiLV), which is among the most serious citrus diseases in the world. Three known species, B. phoenicis, B. obovatus, and Brevipalpus californicus (Banks), are economically im-portant and are potentially capable of transmitting CiLV. Citrus leprosis is a highly destructive disease that directly affects fruit production and citrus tree life span. Symptoms of CiLV are lesions on the tissues of fruit, leaves and twigs, premature fruit drop, defoliation, and death of the tree .
CiLV was recently detected in Mexico (Sánchez-Anguiano 2005), being a threat to the three U.S. southern citrus-producing states of Texas, California, and Arizona, which share a common border with Mexico. Citrus leprosis was reported in Florida in the early 19th century and almost destroyed the Florida Citrus Industry between 1906 and 1925, after which it was eradicated (Childers et al. 2003b ) by effectively controlling its Brevipalpus vectors (Knorr 1968 ).
Currently, ϾUS$100 million is spent annually in Brazil (Ϸ21% of citrus production costs) to control the CiLV vector B. phoenicis; Guerra-Moreno et al. 2005) . The presence of all three Brevipalpus species, potential vectors for CiLV in all citrus-producing areas (Omoto et al. 2003) , poses a serious threat to the United StatesÕ US$2.68 billion citrus industry (USDAÐ NASS 2006) should the virus be accidentally introduced. If the mites are not controlled, serious loss of citrus is possible within a few years after introduction of the CiLV (Bassanezi et al. 2001 , Rodrigues et al. 2000 . Dean and Maxwell (1967) and French and Rakha (1994) reported that B. californicus and B. phoenicis are common in the commercial citrus production area of the Lower Rio Grande Valley (LRGV) of South Texas, where this study was conducted. Along with B. obovatus (Childers et al. 2003b) , the three mites are considered common pests of several varieties of sweet orange (Citrus sinensis Pers) and grapefruit (Citrus x paradisi Macfad.). However, there is no information available on the species composition, population dynamics, and abundance of Brevipalpus on different commercial citrus species in Texas. The small size and morphological similarity of these mites has been a source of misidentiÞcation and hindrance for more detailed Þeld population studies. Development of rapid and reliable identiÞcation tools will greatly contribute to our understanding of the biology and ecology of Brevipalpus spp. and to the development of effective control methods.
Molecular Þngerprinting has been a powerful tool to study population structure and phylogenetic relations and identiÞcations of taxonomically difÞcult species (Navajas and Fenton 2000) . Weeks et al. (2000) studied the genetic diversity and population structure of B. phoenicis and reported no relation between the collection site and genotypes of three distinct groups of this species. The study also resulted in Þne-scale differentiation of clonal genotypes which could not be possible with morphological techniques. Groot (2006) used internal transcribed spacer primers to determine the amount of intragenomic variation in 26 iso-female lines of Brevipalpus mites. Rodrigues et al. (2004) detect variability among iso-colonies of B. phoenicis collected from Florida and Brazil by using 102 rapid ampliÞcation of polymorphic DNA (RAPD) markers.
The colonies were morphologically identiÞed as B. phoenicis and nonphylogenetic related. However, it was suggested that result may have been skewed because of the lack of speciÞcity in the RAPD primers and possible contamination with foreign DNA from endosymbionts. RAPDs are limited by poor repeatability of results and worsened by low quantity of DNA extracted from small-sized species (Black 1993) . A better method for DNA template production is necessary to allow more detailed studies of Brevipalpus mites.
The objective of this research was to develop a reliable method for molecular Þngerprinting of Brevipalpus species by using sequence characterized ampliÞed region (SCAR) markers and to apply these identiÞcation tools for the study of their population dynamics in grapefruit and sweet orange, the most important citrus grown in the LRGV of Texas. In addition, we compared the RAPDs and ampliÞed fragment length polymorphism (AFLP) for discriminating the different species of Brevipalpus found in Texas. Application of whole-genome ampliÞcation method of DNA from single mites greatly facilitated the molecular studies.
Materials and Methods
Origin and Culturing of Brevipalpus Colonies. Brevipalpus adults were collected from different citrus species in orchards at the South Research farm of the Kingsville Citrus Center, Texas A&M University, Weslaco, TX, and other locations in South Texas. Single mites were collected from infested fruit under an Olympus SZX12 stereomicroscope (Olympus America Inc., Central Valley, PA) by using a 95% ethanol (EtOH)-soaked thin water-color paint brush. These mites were transferred onto fully developed green oranges for rearing. On each fruit, an arena of Ϸ6 cm in diameter was constructed at the peduncle side by using melted wax. To ensure that mites would not escape from the arena, petroleum jelly was applied around its outer perimeter. Iso-female lines were initiated by transferring a single mite onto the fruit arena and allowing it to oviposit for a 5-d period. To maintain humidity and prevent desiccation, infested fruit were individually held in 3.6-liter plastic containers lined with dampened paper towels and 100-ml plastic vessels containing salt-saturated water. These containers were covered with Þne plastic mesh that provided aeration and kept separate in the incubator to prevent any cross-contamination from neighboring lines. Rearing conditions in the incubator were set up at a temperature of 26 Ϯ 1ЊC, 70 Ϯ 5% RH, and a photoperiod of 14:10 (L:D) h.
Morphological Identification of Pure Colonies. A single mite progeny was taken off from each iso-female line colony. Fruit were held on a circular wooden disk under a stereomicroscope, and using thin watercolor paint brush dipped in 95% EtOH, an iso-female mite was carefully collected from the fruit. The brush with the mite was dipped in a 0.2-ml polymerase chain reaction (PCR) tube containing NesbittÕs ßuid and left to incubate at room temperature from 24 to 36 h (Krantz 1978) . The mite was taken out of the tube using a pipette and dehydrated in an EtOH series (25, 50, and 100%) for 10 min each. The mite was removed from EtOH, placed into another tube containing xylene for 10 min, and thereafter mixed into Clarion Mounting Medium (Sigma, St. Louis, MO). Using a glass Pasteur pipette, the mite and part of the mounting medium were siphoned and plated on a clean Vista Vision Microscope slide (VWR International, West Chester, PA) with the dorsal side up and covered with a Vista Vision cover slip (VWR International). The microscope slide was incubated in an oven set at 70 Ð 80ЊC for 60 min. The colony was identiÞed based on one mite per colony using a dichotomous key (Denmark1984).
Genomic DNA Isolation. Mite offspring from the reared iso-females were collected as described above; however, the brush containing the mites was Þrst dipped in a microcentrifuge tube containing 95% EtOH. The tubes were stored in a Ϫ80ЊC freezer for subsequent use. Genomic DNA (g-DNA) was isolated using the ZR Insect/Tissue DNA kit-5 (Zymo Research Corp., Orange, CA) following the manufacturerÕs protocol. A single iso-female mite was placed into a ZR BashingBead Lysis Tube (Zymo Research Corp.), secured in a bead beater (Vortex-Genie, Bohema, NY) and processed for 15 min. The supernatant was transferred into a Zymo-Spin IV Spin Filter (Zymo Research Corp.) in a collection tube and centrifuged at 2,986 ϫ g for 1 min. The ßow through was mixed with 1,200 l of genomic lysis buffer and transferred to a Zymo-Spin IC column (Zymo Research Corp.) in a collection tube. The column was centrifuged at 6,095 ϫ g for 1 min, and the tube along with the ßow through was discarded. Two-hundred microliters of DNA prewash buffer was added to the ZymoSpin IC column in a new tube and centrifuged at 6,095 ϫ g for 1 min. Five-hundred microliters of wash buffer was added to the Zymo-Spin IC column and centrifuge at 6,095 ϫ g for 1 min. The column was transferred to a 1.5-ml microcentrifuge tube, and 10 l of DNA elution buffer was added directly to the column matrix. After a 1Ð2-min incubation period at room temperature, the tube was centrifuged at 6,095 ϫ g for 30 s to elute DNA. The DNA concentration was veriÞed by UV spectrophotometry using an Ultrospec 1100 Pro (GE Healthcare, Little Chalfont, Buckinghamshire, England).
DNA also was extracted using a modiÞed 2% CTAB buffer method (Navajas et al. 1998 , Puchooa 2004 . One to 50 mites were crushed in a 1.5-ml microcentrifuge tube with a plastic pestle along with 100 l of CTAB buffer (2% CTAB, 100 mM Tris-HCl, pH 8.0, 20 mM EDTA, pH 8.0, 2 M NaCl, 2% PVP-40, and 5% ␤-mercaptoethanol). A hundred microliters of the CTAB buffer was added to the tube along with 2 l of RNase A (QIAGEN, Valencia, CA) and incubated at 37ЊC for 30 Ð 45 min. After incubation, 36.8 g of proteinase K (Sigma) was added to the tube and incubated at 37ЊC for 30 Ð 45 min. Two hundred microliters of phenol:chloroform:isoamyl alcohol (25:24:1) (Ambion, Austin, TX) was added to the tubes, shaken for 10 min, and centrifuged at 10,300 ϫ g for 10 min. After centrifugation, the upper aqueous phase was removed and transferred into a new tube, and 200 l of chloroform:isoamyl alcohol (24:1) was added. The tube was shaken gently for 10 min and centrifuged at 10,300 ϫ g for 10 min. The aqueous phase was removed and placed into a new tube along with 1/10th of the volume of 2 M sodium acetate and 400 l of ice-cold EtOH. The tube was inverted several times and kept at Ϫ20ЊC for at least 30 min. The sample was centrifuged at 10,300 ϫ g for 15 min at 4ЊC, the supernatant was removed, and the pellet washed in 70% EtOH. After air drying, the DNA pellet was resuspended in 15 l of nuclease-free water (Ambion), incubated at 37ЊC for 1 h, and stored at Ϫ20ЊC until used.
Whole Genome Amplification of Genomic (g)DNA. gDNA was ampliÞed using the GenomePlex Complete Whole Genome AmpliÞcation (WGA) kit (Sigma) following the manufacturerÕs protocol, as brießy described. A reaction was set up using 1 l of 10ϫ fragmentation buffer, 10 l of gDNA (10 ng⅐ l Ϫ1 ) in a PCR tube, and incubated at 95ЊC for 4 min in a PTC-220 DNA Engine Dyad Cycler (MJ Research Inc., Watertown, MA). The sample was quickly cooled on ice, centrifuged and mixed with 2 l of 1ϫ library preparation buffer and 1 l of library stabilization solution. The sample was incubated at 95ЊC for 2 min, cooled on ice, centrifuged, and mixed with 1 l of library preparation enzyme. The reaction was performed in the thermal cycler under the following conditions: 16ЊC for 20 min; 24ЊC for 20 min; 37ЊC for 30 min; and 75ЊC for 5 min, and maintained at 4ЊC. To the reaction, 60 l of a master mix (7.5 l of 10ϫ ampliÞcation master mix; 47.5 l of nuclease-free water, and 5 l of WGA-DNA polymerase) was added, and the tube transferred to the thermal cycler. Cycling conditions were 95ЊC for 3 min for initial denaturation, followed by 19 cycles of 94ЊC for 15 s and 65ЊC for 5 min. WGA-DNA was qualitatively veriÞed by loading 8 l of the Þnal product onto a 1.6% agarose gel containing ethidium bromide. WGA-DNA reactions from the same DNA were combined based on their quality and puriÞed using GenElute PCR Clean-up kit (Sigma) following the manufacturerÕs protocol. The concentration was veriÞed by UV-spectrophotometry, and the WGA-DNA was stored at Ϫ20ЊC until use.
AFLP Analysis. AFLP analysis was performed with WGA-DNA as template in a 4300 DNA analyzer (LI-COR Biosciences, Lincoln, NE) by using IRDye Fluorescent AFLP kit (LI-COR Biosciences, Lincoln, NE), with some modiÞcations. Restriction digestion of WGA-DNA was carried out in a 0.2-ml PCR tube as follows: 100 ng of DNA template in Ͻ9 l, 2.5 l of 5ϫ reaction buffer (50 mM Tris-HCl, pH 7.5, 50 mM magnesium acetate, and 250 mM potassium acetate), and 1.0 l of EcoRI/MseI enzyme mix (1.25 U⅐ l Ϫ1 , each in 10 mM Tris-HCl, pH 7.4, 50 mM sodium chloride, 0.1 mM EDTA, 1 mM dithiothreitol; 200 g⅐ ml Ϫ1 bovine serum albumin [BSA] ; 50% glycerol, and 0.15% Triton X-100), with the total volume adjusted to 12.5 l by using deionized water. The mixture was vigorously shaken with a vortex, centrifuged brießy, and incubated in a thermal cycler at 37ЊC for 2 h. The enzyme was deactivated at 70ЊC for 15 min and the mixture placed on ice.
Ligation of adapters was performed by adding to the previous tube 12 l of adapter mix (EcoRI/MseI adapters, 0.4 mM ATP, 10 mM Tris-HCl, pH 7.5, 10 mM Tris-HCl, pH 7.5, 10 mM magnesium acetate, and 50 mM potassium acetate) and 2.5 U of T4 DNA ligase. The mixture was vortexed gently, centrifuged brießy, and incubated at 20ЊC for 2 h. The ligation mixture was diluted 1:10, and 2.5 l added to a 0.2-ml PCR tube containing 20 l of AFLP preamp primer mix, 2.5 l of 5ϫ PCR reaction buffer (proprietary formulation supplied at pH 8.5; Promega, Madison, WI), and 2.5 U of Go Taq Flexi DNA polymerase (Promega). Thermocycler conditions were 20 cycles at 94ЊC for 30 s, one cycle at 56ЊC for 1 min, and one cycle at 72ЊC for 1 min. Five microliters of the preampliÞed PCR product was diluted in a 1:10 ratio in nuclease-free water (Ambion).
Selective ampliÞcation was performed by adding to a 0.2-ml PCR tube 2.0 l of the 1:10 diluted preampliÞed ligation mixture, 1.96 l of nuclease-free water (Ambion), 1 l of 2 mM dNTPs (Promega), 2 l of MseI primers (10 pmol⅐ l Ϫ1 ), 0.5 l of IRDye 700-labeled EcoRI primer (10 pmol⅐ l Ϫ1 ), and 0.5 l of IRDye 800-labeled EcoRI primer (10 pmol⅐ l Ϫ1 ) (Table 1). Labeled primers were designed partially according to Weeks et al. (2000) . PCR was performed using a "touchdown" program as described: one cycle of 94ЊC for 30 s, 65ЊC for 30 s, and 72ЊC for 1 min, followed by 12 cycles where the annealing temperature (65ЊC) was decreased by 0.7ЊC per cycle while denaturing (94ЊC for 30 s) and extension (72ЊC for 1 min) remained the same; and 23 cycles of 94ЊC for 30 s, 56ЊC for 30 s, and 72ЊC for 1 min.
Two microliters of the selective ampliÞcation products was diluted with 10.5 l of deionized water and 2.5 l of dye (LI-COR Biosciences). Samples and the ladder (LI-COR Biosciences) were denatured for 3 min at 94ЊC, followed by chilling on ice. We loaded 0.8 l of each sample in a 48-well polyacrylamide gel by using Sequa Gel XR, following the manufacturerÕs instructions (National Diagnostics, Atlanta, GA). Image data were viewed and saved using Saga GT software (LI-COR Biosciences).
RAPD Analysis. The RAPD analysis was performed in two PCR reactions, with the Þrst reaction serving as template for the second reaction. The Þrst reaction contained Ϸ350 ng of puriÞed WGA-DNA, 2.5 l of 10ϫ Hot Start PCR buffer (MBI Fermentas, Hanover, MD), 1.5 mM of magnesium chloride, (Fermentas), 1.5 U of Hot Start TaqDNA polymerase (Fermentas), 0.2 mM dNTPs Mix (Promega), 0.5 M primer (Operon Biotechnologies, Huntsville, AL), and nuclease-free water (Ambion) to 25 l. Thermal cycler conditions were as follows: 95ЊC for 4 min (enzyme activation); two cycles of 94ЊC for 30 s; 25ЊC for 45 s, 72ЊC for 90 s; followed by 30 cycles of 94ЊC for 30 s (denaturing), 45 s at the primers melting temperature (Tm) minus 4.5ЊC, 72ЊC for 90 s (extension), Þnal extension at 72ЊC for 5 min.
The second RAPD-PCR was performed in 0.2-ml thin-walled tubes in 50-l reaction containing 5 l of 10ϫ Advantage PCR buffer (40 mM Tricine-KOH, pH 8.7, 15 mM KOAc, 3.75 g⅐ml Ϫ1 BSA, 0.005% Tween, and 0.005% Nonidet-P40), 0.2 mM dNTPÕs Mix (Promega), nuclease-free water (Ambion), 2 l of template DNA, 1 l of 50ϫ Advantage 2 Polymerase Mix (1% glycerol, 0.3 mM Tris-HCl, pH 8.0, 1.5 mM KCl, 1.0 M EDTA, and Titanium TaqDNA polymerase) (Clontech, Mountain View, CA), and 1 M primer (Operon Biotechnologies). The thermocycler conditions were as follows: 95ЊC for 1 min (enzyme activation), 30 cycles of 94ЊC for 30 s, 45 s at the primers TmÑ 4.5ЊC, 68ЊC for 90 s; 68ЊC for 6 min.
RAPD products were visualized under UV light by loading 20 l of the Þnal product onto a 1.6% agarose gel containing ethidium bromide and documented using a Kodak DC 290 Camera (Eastman Kodak, Rochester, NY). A second 1.6% agarose gel was loaded with the remainder of the RAPD products, 8 l of GeneRuler 100-bp DNA Ladders Plus (MBI Fermentas) and poststained with Gel Star Nucleic Acid Stain (Lonza Rockland, Inc., Rockland, ME). The gels were compared and PCR fragments showing signiÞcant difference between the two species of Brevipalpus were excised, puriÞed from the gel using Zymoclean Gel DNA Recovery kit, and cloned.
Cloning of Polymorphic PCR Fragments. Polymorphic PCR fragments were cloned into a pJET1.2/blunt cloning vector (MBI Fermentas) by using CloneJET PCR Cloning kit in a ratio of 3:1 (fragment to vector) following the manufacturerÕs instructions. Transformation was performed using Z-Competent Escherichia coli Transformation kit & buffer set (Zymo Research Corp.) following the manufacturerÕs instructions.
Colony PCR. A small amount of bacterial cells was collected with a micropipette tip and added to 50 l of lysate buffer (10 ml of TE buffer; pH 7.0, and 10 l of Tween 20) in a 1.5 ml microcentrifuge tube. The tube was incubated at 100ЊC for 10 min, centrifuged for 2 min at top speed, and 2 l of the supernatant was used as template for colony PCR. PCR was performed by mixing the following in a 0.2-ml PCR tube: 5 ml of 10ϫ Advantage PCR buffer (40 mM Tricine-KOH, pH TaqStart antibody) (Clontech), 0.4 M of both pJET1.2 forward sequencing primer and pJET1.2 reverse sequencing primer (MBI Fermentas) and nuclease-free water to 50 l. The thermal cycler conditions were as follows: 95ЊC for 1 min (enzyme activation), followed by 30 cycles of 94ЊC for 45 s, 60ЊC for 30 s, 68ЊC for 2 min; Þnal extension was carried out at 68ЊC for 5 min.
Colony PCR products were visualized in 1.6% agarose gel containing ethidium bromide. Plasmid was isolated from positive colonies using Zyppy Plasmid Miniprep kit (Zymo Research Corp.) and sequenced. Primers speciÞc for each species were designed, using Oligo software (Molecular Biology Insight, Cascade, CO), based on the nucleotide sequences of the polymorphic fragments obtained.
Brevipalpus Mite Population Dynamics. Populations of Brevipalpus were monitored through intensive sampling of four mature citrus orchards (two grapefruit and two sweet orange) at the Texas A&M University Citrus Center in Weslaco, TX. In each orchard, four fruit were sampled, one from each quadrant (SE, SW, NE, and NW) of the tree canopy, on 25 randomly selected trees in the orchard. The total numbers of mites present in the Þeld of vision of a 10ϫ hand lens in four areas of the fruit (top, bottom, and two opposite side areas) were recorded per fruit. The percentage of infested fruit was determined from the 100 fruit collected per orchard. If Brevipalpus mites were present, 10 fruit with high mite densities were collected in paper bags and brought to the laboratory. The mites were washed off of the fruit, collected in 95% EtOH, and stored in a freezer (collected wash). A subsample of 10 individual mites from each orchard per sampling date was randomly taken and used for species identiÞcation and composition using the dichotomous key of Denmark (1984) .
Molecular Identification of Collected Mites. Fifty mites were randomly picked from each month collected wash, from each orchard, and used to isolate DNA by using the ZR Insect/Tissue DNA kit-5 (Zymo Research Corp.). The DNA was ampliÞed using the WGA kit (Sigma) and puriÞed using GenElute PCR Clean-up kit (Sigma). The DNA concentration was determined by UV-spectrophotometry and used as template in PCR reaction by using the mite-speciÞc primers. PCR was performed using Advantage 2 Polymerase (Clontech), 0.4 M forward and reverse species-speciÞc primers in a 50-l reaction.
Thermal cycler conditions were as follows: 95ЊC for 1 min (enzyme activation) followed by twenty-six cycles of 94ЊC for 30 s, annealing temperature of 55ЊC for 30 s for B. phoenicis primers and 60.5ЊC for B. californicus primers, 68ЊC for 2 min; Þnal extension at 68ЊC for 5 min. The products were visualized in a 1% agarose gel stained with ethidium bromide.
Results and Discussion
Molecular Fingerprinting. Two molecular Þnger-printing methods, RAPD and AFLP, were used in this study to Þnd a fast and reliable way of separating the two Brevipalpus species B. phoenicis and B. californicus. AFLP is a well-suited Þngerprinting tool to separate small mites species, requiring only minute amounts of DNA (Ϸ100 ng). AFLP banding patterns are also highly reproducible due to the stringent annealing condition during PCR. The method can identify several polymorphisms in any organism without prior genomic sequence knowledge (Weeks et al. 2000) . Weeks et al. (2000) were the Þrst to use this method for Brevipalpus to study the genetic structure and diversity of B. phoenicis, with a pool of 10 adult mites for DNA extraction. Groot (2006) extracted DNA from 15 pooled mites and used AFLP to construct cladograms of Brevipalpus mites.
The elimination of the DNA scarcity factor by using the whole genome ampliÞcation strategy allowed us to use DNA extracted from one mite for all our genetic studies. The AFLP method using WGA-DNA as a template and three primer combinations was very efÞcient to differentiate the two Brevipalpus species. The 700 nm channel pattern (Fig. 1A) showed better deÞnition of bands than the 800 nm. In the 800 nm channel (Fig. 1B) , 24 polymorphic bands were identiÞed. Three replications were made for each AFLP, and the results were the same. Even though AFLP shown to be efÞcient to identify polymorphism between the species, the excision of bands for cloning is difÞcult, and it is a more expensive method.
RAPD analysis was performed to screen 45 random primers in an attempt to Þnd polymorphic fragments that could be used to design SCAR markers speciÞc for each species. Twenty-seven random primers were chosen from the 45 primers screened to be rescreened for repeatability (Fig. 2AÐC) . Of those, Þve primers showing the best polymorphisms and reproducibility were chosen (see asterisks in Fig. 2A and B) to design species-speciÞc primers (SCAR markers, BPF2-F-TTCTATGCTCTTCGGTCTAC and BPF2-R1 TC TTTGGCATC TATACAATC and BPF2-R2 TTTG-GCATCTTATACAATCTC for B. phoenicis, CCF1-F CGGCGTTATCGGAGTGATAGA and CCF1-R GC-CAGCGTGCGGTTAGATTAG and CPF2-F GGTG-TAGAAGCGCAATA and CPF2-R CTGAAGC-CAAGTCCAAGTTGA for B. californicus). The SCAR markers were tested against the two species (Fig. 3A  and 3B ) and shown to be very speciÞc, with the B. phoenicis SCAR not detecting B. californicus and the B.
californicus SCAR not detecting the B. phoenicis. The SCAR markers were used to test mites from the population dynamic studies for the presence of the two mites species. This is the Þrst report on SCAR marker designed for Brevipalpus by using WGA-DNA as the template.
The challenge to molecular Þngerprinting small arthropods such as false spider mites is that banding patterns need to be produced from a single individual for the results to be reliable. Furthermore, the screenings of several primers depend on large amounts of DNA making the task very difÞcult when working with single mite. Reports on DNA isolation from single mite or a pool of three to 10 mites (Weeks et al. 2000 , Chigira and Miura 2005 , Groot et al. 2005 , Groot and Breeuwer 2006 , and Novelli et al. 2007 ) are available; however, independently of the isolation methods, the low amount of DNA obtained will always be a limiting factor when large numbers of primers are to be screened.
In our study, we produced iso-colonies of B. californicus and B. phoenicis, fully identiÞed morphologically, and extracted genomic DNA from single mite using the ZR Insect/Tissue DNA kit-5 (Zymo Research Corp.) and a modiÞed CTAB buffer extraction method. By using the ZR insect kit we were able to isolate a minimum of 107 ng of high-quality DNA. Despite the fact that the concentration of DNA using the CTAB method was higher than the ZR insect kit, the latter produced better quality DNA than the CTAB method, and the whole procedure took only 0.5 h. An important fact of this research was the introduction of the GenomePlex Complete WGA kit, which enabled us to amplify DNA samples several thousandfold from a single mite of each species. The advantage of this procedure is that a full highly representative copy of the genome is produced and a library that "can be archived" and reampliÞed several times over is produced (Baker et al. 2004 ). This completely eliminates the scarcity of DNA from single mites, because only one ng or trace amount of genomic DNA is needed for the WGA. This is the Þrst report on the use of WGA for Þngerprinting Brevipalpus.
Population Dynamics of Brevipalpus by Using Morphological Identification. Brevipalpus mites were collected on citrus fruit from May to December during the Þeld observations. Using morphological identiÞ-cation, B. phoenicis and B. californicus were collected from the fruit sampled. B. phoenicis was the most abundant species found throughout the sampling dates and on both citrus hosts. B. californicus was found on two sampling dates on grapefruit but present on sweet orange fruit during most of the sampling dates ( Fig. 4A and B) . The predominance of B. phoenicis in this study contradicts earlier reports that B. californicus is the dominant species in the LRGV of Texas (Chen et al. 2006) .
Repeated measures analysis revealed that mite density per fruit was signiÞcantly affected by the host plant species (F ϭ 11.25; df ϭ 1, 50; P ϭ 0.001).
Comparison of mite populations between grapefruit and sweet orange revealed that per fruit density was signiÞcantly higher on sweet orange than grapefruit (F ϭ 16.65; df ϭ 1, 110; P Ͻ 0.001), suggesting that mites prefer sweet orange over grapefruit. It has been reported that B. phoenicis develops faster on citrus fruit than citrus leaves ). However, there was no previous mention of the host preference or suitability for Brevipalpus mites.
There was a trend of gradual increase in mite density from June to December in all the orchards sampled ( Fig. 4A and B) , but the effect of time was not signiÞcant (F ϭ 1.61; df ϭ 30, 50; P ϭ 0.066), suggesting that Brevipalpus mites are present in high densities throughout the year.
The percentage of fruit infested with mites was generally high but gradually increased as the fruit matures (Fig. 5) . This indicates that Brevipalpus mites preferentially develop on matured fruit, unlike other mite species such as the citrus rust mite, Phyllocoptruta oleivora (Ashmead), that prefers green fruit (Smith et al. 1997) . The host plant species did not signiÞcantly affect fruit infestation levels by Brevipalpus mites (F ϭ 2.99; df ϭ 1, 50; P ϭ 0.09). These results suggest that Brevipalpus mites will indifferently infest any of these two host plants, but their survival and performance are better on sweet oranges than on grapefruit. Thus, better host suitability of sweet orange for mite development is the main reason of higher densities of Brevipalpus observed on this host plant than grapefruit.
Comparison of Morphological Identification With Molecular Fingerprinting. DNA was extracted from 50 pooled mites per sampling date from each orchard. WGA was performed on the extracted DNA to create a library representative of the samples and SCAR primer pairs speciÞc for each species were used to identify Brevipalpus species. Presence or absence of each mite species per month was veriÞed by the ampliÞcation of speciÞc fragment separated on agarose gel ( Fig. 4A and B) .
The molecular identiÞcation of mites, by using SCAR markers, with the same mite population used for population dynamics studies via morphological identiÞcation, indicates that B. phoenicis was present during all sampling dates in all the four blocks sampled ( Fig. 4A and B) . B. californicus also was present during most of the sampling periods except in August, May, and June in the blocks D1, D2, and B2, respectively ( Fig. 4A and B) . During the sampling months that B. californicus was not present in the molecular identiÞcation, the results mirrored that of the morphological identiÞcation. However, the morphological identiÞ-cation failed during some sampling months to reveal the presence of B. californicus, whereas the molecular Þngerprinting with speciÞc primers indicated the presence of this mite. Because 10 mites were used for the morphological identiÞcation, it is possible that this small sample size of mites may have affected the species composition of Brevipalpus mites at any given time when using this method. Moreover, morphological identiÞcation of Brevipalpus is overly time-consuming, which proscribes the use of larger sample sizes.
Molecular Þngerprinting was very sensitive in indicating the presence or absence of speciÞc Brevipalpus species in the sample. Although the use of SCAR markers on individual mites can be expensive, this technique can provide precise accuracy of Brevipalpus species composition. For Þeld population dynamic studies, samples of Þve to 10 mites may be evaluated together, thus reducing the costs of individual mite testing.
There is a general agreement that Brevipalpus mites are the vectors of the deadly citrus leprosis disease in citrus, but the question remains as to which species are probably involved in the transmission of the disease. In areas such as Brazil where citrus leprosis is endemic, B. phoenicis is generally mentioned as the main vector. The species composition of Brevipalpus mites in Texas is poorly understood. Knowing which species of this mite infest citrus in Texas is critical for the develop-ment of alternative control strategies such as biological control. Because of the high similarities in appearance of the different Brevipalpus species, morphological identiÞcation is very difÞcult and time consuming, and can only be done by qualiÞed mite taxonomists. In this study, we developed molecular techniques to evaluate species composition and populations of Brevipalpus collected from the two commonly grown citrus species in Texas. Two species, B. phoenicis and B. californicus, have been identiÞed by both the molecular techniques and the morphological identiÞcation. Furthermore, B. phoenicis is found to be the most abundant species present all year round in Texas. Given that B. phoenicis is often cited as the main vector of leprosis, this study clearly shows that Texas citrus is at risk should the viral causal agent of citrus leprosis be accidentally introduced. In contrast to earlier reports stating that B. californicus is the dominant Brevipalpus species in Texas citrus (Chen et al. 2006) , molecular techniques clearly showed that B. phoenicis was the most abundant as also conÞrmed by the tedious morphological identiÞcation. This clariÞcation in Brevipalpus species composition in Texas citrus will assist in the development of biological control programs by searching for the most effective natural enemies. (CCF1-F ϩ CCF1R) . Sets of primers (BPF2-F ϩ BPF2-R2 speciÞc for B. phoenicis, and CCF2-F ϩ CCf2-R speciÞc for B. californicus gave the same results as a and b, respectively. C, positive control; Ϫ, negative control; May to December, M to D; and L, 100-base molecular marker. The same sets of primers were used in blocks D2, B2, and B6 for both mite species and were equally efÞcient in identiÞcation of the species.
